Abstract-This paper presents an organic sensor for ambient light monitoring fabricated on flexible plastic foil. The sensor exploits an organic photodiode whose photocurrent is linearly converted into an output voltage by a transconductance operational amplifier in a feedback configuration. The photodiode is based on an inkjet printed bulk heterojunction blend of P3HT/PCBM sandwiched between Au and Al electrodes, whereas the amplifier is implemented in a printed complementary organic TFT technology. Both the photodiode and the amplifier were fully characterized in stand-alone configuration. Then, the response of the assembled sensor was measured by using a commercial 12-V halogen lamp as light source. Experimental data demonstrated that the sensor is able to provide a linear detection of the incident light intensity up to 11000 lux.
I. INTRODUCTION

I
N THE LAST years, considerable research efforts have been addressed to the development of organic smart sensors for low-cost, large area or disposable applications [1] - [13] as a result of the increasing performance of organic thin-film transistor (OTFT) technology on flexible substrate. The main advantage of OTFT technology over traditional silicon manufacturing is the direct fabrication of circuits on low-cost plastic foils by using both low processing temperatures and printing methods that guarantee cost-efficient production [15] , [16] . Moreover, such technologies are well suited for the fabrication on the same substrate of different kinds of organic sensors, among which temperature [1] , [2] , gas [3] , touch/tactile sensors [4] - [8] , biosensors [9] - [11] , and pH sensors [12] - [14] , often exploiting elementary cell array configurations. Although G. Maiellaro and E. Ragonese were with DIEEI, Università di Catania, Catania, I-95125, Italy. They are now with STMicroelectronics, Catania, I-95121, Italy (e-mail: giorgio.maiellaro@st.com, egidio.ragonese@st.com).
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Digital Object Identifier 10.1109/TCSI.2013.2286031 organic semiconductor mobility is not comparable to that of poly-and mono-crystalline silicon, low speed is often compatible with most sensor applications due to the slow variation of measured physical variables. Most OTFT processes that are adopted in organic sensors still feature only p-type transistors, since very few complementary OTFT (C-OTFT) technologies are available [17] - [20] . In this scenario, organic photodiodes (OPDs) are attracting much attention of both industries and academia since they are well suited for fabrication of flexible, large-area, and low-cost devices [21] - [26] . In the last years, the integration of OPDs and TFT transistors has been already successfully exploited in array configuration to implement large-area organic imagers and scanners [27] - [29] . For such devices, on/off OPD functionality was mainly required. At the present time, state-of-the-art C-OTFT technologies allow considerably increasing both complexity and reliability of signal-conditioning interfaces of organic smart sensors [30] , [31] . Under this new perspective, further applications of OPDs are becoming very promising, which are related to ambient light monitoring [23] , [32] . Typical examples are light control systems for mobile device displays, in building/home environment, etc. In ambient light applications, sensors are required to detect the intensity of visible light, with performance covering the range from moonlight levels of about 1 lux to sunny daylight levels of 10.000 lux. For the sake of completeness, Table I reports some typical illuminance  values under different ambient conditions. In this paper, an organic sensor implemented on flexible foils is proposed for ambient light monitoring applications. It exploits an organic OPD and a high-gain transconductance operational amplifier (OTA) in a printed C-OTFT technology [19] , [20] , which guarantees a highly linear conversion of the photocurrent into the sensor output voltage. The sensor was developed as a system demonstrator within a European project on Flexible, Organic, and Large Area Electronics (FOLAE) [33] .
The paper is organized as follows. Section II deals with the sensor architecture, assembling approach, design, fabrication, and stand-alone measured performance of sensor building blocks (i.e., OPD and OTA). The experimental results of the overall light sensor are discussed in Section III and main conclusions are drawn in Section IV.
II. AMBIENT LIGHT ORGANIC SENSOR
The simplified block diagram of the organic light sensor is shown in Fig. 1(a) . The sensor is made up of two basic building blocks, i.e., an OPD and a transconductance operational amplifier (OTA) for signal conditioning. Specifically, the OTA is employed in a current-to-voltage ( / ) feedback configuration to convert the photodiode current, , into the output voltage, . The circuit allows a linear detection of the incident light intensity to be achieved. Indeed, the operational amplifier output voltage is proportional to the OPD photocurrent, as shown in Fig. 1(b) .
The light sensor implementation was achieved by using a foil-to-foil assembly, as depicted in Fig. 1(c) . Both OTA and OPD were fabricated on different foils that were connected together by means of isotropic conductive glue annealed at 60 for 90 minutes. Moreover, to simplify the interfacing with the lab instruments during the sensor characterization, a flexible flat cable was adopted for connecting the OTA terminals to the evaluation board (PCB). The bond between the flat cable and the foil is guaranteed by the isotropic conductive glue as well, still maintaining the flexibility of the overall system.
A. Complementary Organic TFT Technology
The adopted process is a printed complementary organic technology manufactured on an 11 11 flexible foil by CEA-Liten [19] , [20] . The TFTs are implemented in a top-gate bottom-contact multi-finger structure with a 20-channel length on 125-thick polyethylene-naphtalate (PEN) substrate. Main electrical parameters of p-type and n-type transistors are summarized in Table II . A simplified cross-section of both p-type and n-type TFTs is shown in Fig. 2 . A photo of a complete foil along with the microphotograph of a multifinger O-TFT ( , ) is shown in Fig. 3 . The C-OTFTs are based on small molecule organic semiconductors and exhibit a typical carrier mobility ( ) of 1.5 and 0.55 for p-type and n-type, respectively. Since present printing resolution of metallic ink cannot reach line/spacing resolution of 20 as well as the required flatness, a direct patterning approach by means of laser ablation was chosen to pattern the source/drain electrodes. Gold is sputtered to a thickness of 30 nm on the PEN and then patterned using laser beam to form the source and drain electrodes as well as the first level of interconnections. Then, the n-type organic semiconductor (Polyera ActivInk) is patterned by printing methods. The source/drain electrodes and the PEN are cleaned with an plasma to prepare the surface for the self-assembled monolayer (SAM) deposition and p-type organic semiconductor (i.e., TIPS-pentacene) printing. The common fluoropolymer dielectric (CYTOP, 750 nm thickness) is then screen-printed on top of both semiconductors and then annealed, leaving open areas for via holes. Finally, a 5-silver-ink conductor is screen-printed, forming the gate electrodes of OTFTs and the second level of interconnections. 
B. OPD on Flexible Foil
The OPD was developed by CSEM from a previous device fabricated on glass substrate [25] , [26] . A technology transfer was put in place to manufacture the OPD on the same PEN substrate adopted by the C-OTFT process, thus enabling the integration of a fully organic flexible light sensor. A redesign of the OPD was also required to adjust the photocurrent level to that delivered by the OTA (i.e., range). The OPD has an active area of 0.04 . Its simplified crosssection is depicted in Fig. 4(a) . The PEN substrate with semitransparent gold film ( ), acting as the OPD anode, was provided by CEA-Liten and properly patterned. A blend of bulk heterojunction P3HT:PCBM (1:1) was dissolved in a mixture of ortho-dichlorobenzene and chloroform in a concentration of 80 mg/mL. A selective deposition method on top of the Au pattern was required in order to integrate the OPD with the signal conditioning circuit interface. Thus the printing was carried out with a single nozzle inkjet printer by Microdrop equipped with a MDK-140 print head, while keeping the substrate at a temperature higher than 25 . The diameter of the nozzle was 50 . The printing was performed in ambient conditions. To get a fairly thick film of approximately 800 nm, the printing resolution was set to 300 dots per inch (DPI). This thick film was used for minimizing short-cuts, decreasing the off current, and increasing the on/off ratio. After printing, annealing on a hotplate in a -glovebox was done. The 100-nm Al cathode was thermally evaporated through shadow mask by thermal vacuum evaporation. The fabricated devices were tested using Keithley 2400 in dark and under illumination in -glovebox.
Finally, the OPDs were encapsulated using a flexible semitransparent pouch technology, as depicted in Fig. 4(b) . It consists of a transparent flexible barrier film (0.02 at 38 100% rH) on the top side, and of aluminum laminate with integrated moisture absorber on the bottom side. In order to improve encapsulation, an additional moisture getter was inserted into the OPD package. A photo of the fabricated OPD on PEN foil is shown in Fig. 4(c) .
Typical -characteristics of the fabricated OPDs in air under different illumination conditions are shown in Fig. 5 . Several samples were fabricated, which allowed a high repeatability of the OPD behaviour to be experimentally verified. For this testing, a commercial halogen lamp (i.e., PHILIPS Brilliant Line 50 W, 12 V, 36 degree) was used as light source. The distance between the lamp and the OPD was 45 cm. The incident light intensity was varied and measured using a high precision lux meter (i.e., ISO-TECH ILM 1335).
C. Design and Measured Performance of the C-OTFT OTA
A classical 2-stage OTA was adopted for the implementation of the light sensor, whose performance in the C-OTFT technology was previously demonstrated [30] . Fig. 6 depicts the amplifier schematic along with transistor sizing and photo of the fabricated sample before OPD foil bonding.
N-type input differential pair (M1-M2) was used for a lower input offset voltage, since the threshold voltage dispersion of n-type transistors is lower than the p-type ones in the adopted technology [20] . Moreover, the p-type common-source output gain stage (M5) can better provide the OPD current ( ) flowing through the feedback resistor ( ), thanks its higher mobility. The maximum output current provided by the operational amplifier can be set by properly sizing M5. To minimize the systematic input offset, the current density in M3-M5 was set according to the well-know pseudo-mirror rule, i.e., . The amplifier design was carried out by taking advantage of a dedicated transistor model [34] , which was enriched with parasitic capacitances due to layout interconnections, to well estimate the frequency behavior.
The OTA layout exploits only two metal layers for connections. It was arranged to improve transistor matching for the differential pair and current mirrors, while reducing the parasitic capacitances on critical circuit nodes responsible for non-dominant poles. The amplifier area is 15 mm 20 mm including the pads used for the OPD connection.
The amplifier was designed by considering the / feedback configuration and both the OPD and output load effects that are shown in the simplified schematic in Fig. 7 . Specifically, an output load capacitance, , of 30 pF was estimated, mainly due to the parasitic capacitance of the flexible flat cable and the external components (i.e., PCB and output buffer) used for characterization. Moreover, an equivalent circuit for the organic OPD was considered, which consists of a current generator, , and a shunt capacitance, . At maximum illumination condition (i.e., around 11500 lux), the OPD typically draws a maximum current between 1 to 3 , while exhibiting an overall capacitance from 0.5 to 1.5 nF with a reverse bias voltage around 2 V. The feedback resistor, , was sized as high as 680 in order to achieve a maximum output voltage variation ( ) from 0.7 to 2 V for an maximum current from 1 to 3 . Due to both and the large OPD capacitance, the OTA needs to be properly compensated to guarantee a stable behavior for the light sensor. To this aim, Miller compensation with a -series network (i.e., 400 pF and 2 , respectively) was placed between the gate of M5 and the output. At a nominal supply voltage, VDD, of 60 V, the simulated dc gain, gain-bandwidth-product (GBW), and phase margin (PM) of the whole light sensor were 60 dB, 57 Hz, and 60 , respectively.
The stand-alone OTA was tested using a dedicated PCB with the required passive components, which were connected by means of a flexible flat cable, thus allowing a straightforward interfacing between amplifier and instrumentations.
Experimental characterization was performed in air at ambient temperature/pressure conditions. Measurements of the dc input-output characteristic and output short-circuit current were carried out in open-loop configuration at the three supply voltages, 40 V, 50 V, and 60 V, and with the non-inverting input at the bias voltages, 23 V, 28 V, and 33 V, respectively. In these conditions, the inverting input was swept from 0 to VDD. The measured curves for output voltage and short-circuit current are shown in Figs. 8 and 9 , respectively. The dc open-loop gain achieves 47 dB, 51 dB, and 54 dB at supply voltage of 40 V, 50 V, and 60 V, respectively. As expected, the gain is high enough to guarantee accuracy to the light sensor. At the nominal power supply of 60 V, the measured current consumption was 6.3
with bias current IB of 1 and the input offset voltage was around 5.6 V in the measured sample. The offset is mainly due to the TFT threshold voltage mismatch that was experimentally analyzed for our C-OTFT technology in [20] and [35] .
The bias current of M8 limits the output sinking current of the amplifier to 3.5 . This current was set along with the aspect ratio of transistor M5 to guarantee a nominal PM value of 60 . Instead, the source output current is much higher than that required by the OPD. This current depends on both the aspect ratio of M5 and its maximum gate-source voltage that in turn depends on the power supply. By setting the supply voltages at 40 V, 50 V, and 60 V, an output source current of 170 , 337 , and 600 , was measured. The OTA performance was also experimentally verified in light sensor configuration by including in the PCB the feedback resistor (680 ), the equivalent OPD capacitance (1.5 nF), and the nominal Miller compensation network (i.e., and ). The amplifier was measured at nominal biasing conditions (i.e., , , ) by using the experimental setup configurations shown in Fig. 10 . The output load parasitic capacitance, , due to the flat cable, PCB, and output buffer was measured to be slightly higher than estimated (i.e., 39 pF instead of 30 pF). A high voltage output buffer (i.e., Texas Instrument OPA-445) was used to avoid the detrimental loading effect of the oscilloscope input impedance. According to the schematic in Fig. 10(a) , a square-wave signal, , with peak-to-peak amplitude of 1 V and frequency of 5 Hz was fed into the non-inverting input to evaluate the amplifier step-response that is shown in Fig. 11 . Measurements confirmed closed-loop stability and a settling time around 60 ms, which is mainly imposed by GBW and PM. However, the slow time response is not critical for the specific application since the incident ambient light intensity is a slowly variable signal. OTA time-domain measurement was also performed by applying a staircase current at the inverting input (i.e., ten steps from 0 to 5 with a step size of 0.5 ), as shown in Fig. 10(b) . The measured output voltage variation is shown in Fig. 12 . The amplifier works as a linear -converter and provides an output voltage variation that is proportional to the input current. Stability and accuracy are also confirmed.
III. AMBIENT LIGHT ORGANIC SENSOR MEASUREMENTS
The light sensor was implemented according to the foil-tofoil assembling approach sketched in Fig. 1(c) . Top and bottom views of the complete sensor are shown in Fig. 13 . Isotropic conductive paste was used to glue both OPD and OTA and also the light sensor to the flexible flat cable. As already done for the stand-alone OTA measurements, a dedicated PCB was used for the external passive components (i.e., feedback resistance and compensation network , ) of the light sensor and for the interface circuitry, which connects the sensor with the lab instrumentations. It is worth noting that on-board passive components (i.e., , and ) could be integrated along with TFTs on the same PEN substrate. Indeed, capacitors are naturally included in the adopted C-OTFT process, while optional carbon-ink resistors can be added to the basic process flow. Moreover, feasibility of a complete integration of OPD, active circuitry, and passive components on the same PEN foil was also verified without experiencing any performance degradation of photodiode and TFTs. However, as a first step towards a fully integrated light sensor on a single foil, the use of on-board passive components was preferred. Indeed, the absolute accuracy of integrated passive components is not adequate for the design of a compensation network that has to guarantee closed-loop stability.
The photograph of the adopted measurement set-up and the corresponding block diagram are shown in Fig. 14(a) and (b) , respectively. The experimental characterization of the overall foil-to-foil light sensor was performed in air at ambient temperature/pressure conditions inside an 80 cm 60 cm 60 cm black box, using the same set-up adopted for the OPD measurements, i.e., the PHILIPS lamp placed at 45 cm to the sensor. The incident light intensity was measured using a high precision lux meter (i.e., ISO-TECH ILM 1335). It was swept from 0 to 11400 lx, thus covering the typical range required for ambient light monitoring applications. A semiconductor parameter analyzer (SPA) was used to properly set and measure all required voltages and currents, including the light sensor output voltage, . The supply voltage, the bias current, and the common-mode bias voltage were set at 60 V, 1
, and 33 V, respectively. The measured current consumption was 7.5 . Nominal values for the feedback resistor (i.e., 680 ) and the Miller compensation network (2 and 400 pF) were adopted. For a proper operation as light detector, the OPD was biased in reverse condition at a bias voltage, , of about . The OTA input offset, , was measured and taken into account to properly set the anode voltage as follows . The light sensor functionality was verified by measuring the output voltage variation ( ) versus the incident light intensity variation. Fig. 15 depicts the light sensor output voltage measured at ten values of the light intensity from 0 (dark condition) to 11400 lx (maximum illumination conditions). As expected, a linear detection of the light intensity was achieved. Indeed, an output voltage variation of about 1 V was measured with a photocurrent in dark and maximum illumination conditions of 20 nA and 1.45 , respectively. For the sake of completeness, the light sensor functionality was also verified at lower power supply voltages (i.e., 40 V and 50 V) achieving similar behaviors.
To the author' knowledge this is the first air stable ambient light organic sensor fabricated using a complementary organic TFT technology on flexible foil.
IV. CONCLUSION
For the first time, a light sensor has been implemented using fully organic technology on flexible substrate. The sensor takes advantage of a customized OPD whose photocurrent is converted into an output voltage by a high-gain C-OTFT OTA in / feedback configuration. By considering typical range of ambient light monitoring applications, the sensor provides linear detection of the incident light intensity, as experimentally demonstrated. Thanks to the adopted foil-bonding technique, the flexibility of the overall systems is also preserved.
The work demonstrates the improved maturity of organic electronics, which is now able to deal with a complete electronic chain (i.e., from system design and component fabrication, till system assembly and characterization), thus finally behaving as conventional silicon electronics.
